The thermal diffusion behavior of acetone/water and dimethylsulfoxide(DMSO)/water mixtures 
I. INTRODUCTION
A temperature heterogeneity in a fluid mixture induces a mass flux, which results in a concentration gradient. This effect is known as Ludwig-Soret effect.
1,2 For a binary mixture in a temperature gradient ∇T , the enrichment of one component ∇x is characterized by the Soret coefficient S T , as
A positive Soret coefficient of the component with the molar fraction x implys that this component moves to the colder region of the fluid. 3, 4 Although the Ludwig-Soret effect had been discovered 150 years ago, there is still no microscopic understanding for the effect in fluid mixtures.
5
In the past the thermal diffusion behavior of simple fluid mixtures has been studied extensively. [6] [7] [8] [9] [10] [11] [12] [13] Organic liquid mixtures have been used in a benchmark test, to establish reference data.
14 Recently, special focus has been on the dependence of S T on parameters such as mass and moment of inertia. 6, 11, 12 For many associating liquids, where specific interactions such as hydrogen-bonding or electrostatic interactions exist, sign changes of S T with composition have been observed. 6, 9, 15, 16 Molecular dynamics (MD) simulations have become an important tool in the investigation of thermal diffusion behavior of Lennard-Jones model fluids and small-molecule liquids.
17-21
Lately, the simulation techniques for non-equilibrium properties have been improved, which have led to a reasonable agreement between simulations and experiments for associating and non-associating liquid mixtures. [21] [22] [23] Simulations and also a two-chamber lattice model calculation have shown that the relation between the cross interactions and the pure interactions determine whether the sign of the Soret coefficient changes with concentration.
23-25
Nieto-Draghi et al. 26 also predicted a sign change for the associating liquid mixtures acetone/water and dimethyl sulfoxide(DMSO)/water, which so far has not been confirmed by experiments.
In the present paper we investigate the Soret coefficient of acetone and DMSO in water for different concentrations by thermal diffusion forced Rayleigh scattering (TDFRS). The experimental results are compared with the recently published simulation data and the influence of different parameters such as the hydrogen-bond capability, mass and moment of inertia are discussed.
II. EXPERIMENT
A. Sample preparation Acetone (Laborchemie Handels-GmbH, purity> 99.9%), and DMSO (Sigma-Aldrich, purity≥99.9%) were used without further purification. We took deionized water (Milli-Q). The mixtures were prepared as follows: First a very small amount (roughly 10 −6 wt%) of the dye basantol yellow, 27 was dissolved in the solvents. For each solution the optical density was adjusted to 2-3 cm −1 at a wavelength of λ = 488 nm. Samples for the TDFRS measurements were prepared just before the measurement to avoid evaporation. The solutions were directly filtered into the sample cells (Spartan, 0.45 µm). The temperature was controlled by a circulating water bath and all measurements were performed at T = 298 ± 0.02 K.
B. Data analysis and set-up
The thermal diffusion behavior of the solutions was investigated by thermal diffusion forced Rayleigh scattering (TDFRS). A detailed description of the set-up can be found elsewhere. 27 In brief, a grating is created by the interference of two laser beams (λ = 488 nm).
A tiny amount of inert dye, which has a strong absorption band at λ = 488 nm, converts the optical grating into a temperature grating. Both the temperature grating and the resulting concentration grating contribute to the refractive index grating, which is read out by the diffraction of a third laser beam (λ = 633 nm). The time dependent heterodyne diffraction signal ζ het is evaluated by the equation,
with the refractive index increment with concentration at constant pressure and temperature (∂n/∂x), the derivative of the refractive index with temperature at constant pressure and concentration (∂n/∂T ), the grating vector q and the collective diffusion coefficient D.
C. Refractive index increments
The refractive indices of the mixtures were measured with an Abbe refractometer. The refractive index increment (∂n/∂x) was determined from the derivative of a fifth order poly-nomial fit of the refractive index data. We used the molar fraction of the organic solvent (acetone or DMSO) as concentration variable. (∂n/∂T ) was directly measured by an interferometer. The contrast factors (∂n/∂x) and (∂n/∂T ) are shown in Fig.1 and 2 , respectively.
For the acetone/water mixture, the slope of the refractive index n changes from positive to negative at x acetone = 0.4, while (∂n/∂x) of DMSO/water constantly decreases with DMSO concentration. The increment (∂n/∂T ) of both solutions decreases with decreasing water content.
III. RESULTS AND DISCUSSION
For both aqueous solutions we performed TDFRS measurements in the entire concentration range. In In Fig.3 , we plot the simulation data obtained by boundary driven reverse non-equilibrium MD by Rousseau et al., 23, 26 which are also obtained at ambient temperature and pressure.
Also the simulations results show a sign change from positive to negative with decreasing water content. Compared to the experimental results the simulations predict the sign change at a slightly lower water content. However, in the case of DMSO it is hard to decide, where the sign change occurs, since there are very few simulation data around the sign change concentration. For acetone/water mixtures (in Fig.3a) , the simulation data are consistent with experimental data for the high and low water content. The minimum of the Soret coefficient around x acetone = 0.5 is not reproduced in the simulations. For the system DMSO/water (in Fig.3b ), the simulation data agree with our experimental data within the error bars for molar fractions x DMSO above 0.3, while in the water-rich regime the simulation data overestimate the experimental data by a factor of four.
Acetone and DMSO show similar molecular structures. While the central atom of acetone is carbon, it is sulphur in the case of DMSO. Compared to acetone DMSO has a larger mass, size, dipole moment and moment of inertia (compare Tab. I). In order to explore this effect we have calculated the moments of inertia about the symmetry axis using an atomistic model for single molecules in vacuum. 30 For comparison we used the highest moment of inertia along the z-axis. Comparing the parameters for the two systems it is not understood, why S T of acetone in water shows such a pronounced minimum for equimolar mixtures.
Recently, Köhler and co-workers 6 postulate that the Soret coefficient can be written as a sum of three contributions:
where ∆M = M 1 − M 2 and ∆I = I 1 − I 2 are the absolute difference in mass and moment of inertia of the two components, respectively. The third contribution, S 0 T , reflects the chemical differences of the molecules. It is difficult to apply this equation to associating fluids because they show a rather pronounced concentration dependence in contrast to non-associating liquids.
7 Furthermore, the chemical contribution will be quite different indicated by difference in properties such as the hydrogen-bond capability and dipole moment.
Further we list in Table I also the Hildebrand solubility parameter δ, which represents a thermodynamic property of materials which implies the enthalpy change on mixing or the energy associated with the net attractive interactions of the material. A correlation between the Soret coefficient and the cohesive energy or Hildebrand parameter is quite intuitive and has been carried out in the past. 5, [31] [32] [33] It is reasonable to expect that a larger difference of the Hildebrand parameters between the two components of fluid, which implies a low compatibility, leads to a larger Soret coefficient. For the listed systems the largest difference in δ occurs for acetone and water, which shows also the largest magnitude of S T . For the other systems we find no obvious correlation, but the differences in δ are not very pronounced and depend on the determination methods. [34] [35] [36] The four aqueous systems listed in Table I show a similar trend. For high water content the water molecules migrate to the warm side, while for lower water content the migration is reversed (cf. Fig. 4 ). This implies that only in the case of high water content the heavier component moves to the cold side. With increasing water content the Soret coefficient decays linearly, changes sign between x solvent = 0.1 − 0.2, and passes through a more or less shallow minimum and reaches a final or plateau value.
The sign change concentration x ± solvent of the first three systems shows a linear correlation with the Hildebrandt parameter δ as it also has been observed in simulations for LennardJones fluids, 32 but the system DMSO deviates from the other systems. On the other hand the concentration dependence of S T for DMSO is similar to methanol and ethanol, while acetone shows an unusual dependence on the composition with a pronounced minimum.
The two studied systems here belong to the class of associating systems. For those mixtures an additional complexity arrises from the presence of hydrogen-bonding which often enhances excess quantities compared to non-associating mixtures. 37 Lattice simulations, 
